Recent applications of the University of Yamanashi Hydrological Model (YHyM) to the Mekong and Yellow River basins reveal significant influence of snowmelt runoff on observed discharge during post-winter months. In additional, there is a need for the development of a new snow model that requires minimal data input, since the majority of data, especially snow data, is not available for these basins. The aim of this study is to give a description of the development of: 1) a distributed snow accumulation and ablation model; and 2) a new methodology of degree-day factors estimation. The developed snow model coupled with the method of degree-day factors estimation has been applied, as a test run, to the Yellow River basin.
INTRODUCTION
The importance of snowmelt and its impact on runoff has been discussed in numerous publications 1) , 2), 3) . The accurate evaluation of snowmelt runoff is regarded as an important pre-condition for estimating water resources and for avoiding flood damage caused by rapid melting. The accuracy and degree of sophistication of snowmelt calculations is a function of both availability of data and the degree of understanding of the snowmelt process itself.
Methods to dynamically simulate snow accumulation and ablation can be grouped into two approaches; the first is based on the solution of the snow energy balance equations 4), 5) , and the second is using meteorological variables as indices for physical processes 6), 7) . Although energy-budget models provide a physical basis for estimating snowmelt, the data required to solve the heat budget equation are so extensive that it is often impossible to apply in real river catchments. Therefore, in many cases, especially in data poor basins, snow accumulation/melt models utilize a degree-day factor approach.
A comparison between different models organized by the World Meteorological Organization 8), 9) showed that in large basins, simple models based on degree-day factor for snowmelt and storage relations for runoff performed better than more advanced mathematical models based on heat budget. Degree-day method is more often used to estimate snowmelt in hydrological model applications -especially in ungauged or poorly gauged basins. Nevertheless, the use of the degree-day method has some precautions, the most significant being the determination of degree-day factors. No single, universally applicable degree-day factor of snowmelt exists. Each factor is unique to a specific basin and geographical location. In addition, factors also vary with atmospheric conditions, time of year, vegetation, topography, physical properties of snow cover, and many other variables. In many instances, the choice of the degree-day factor is somewhat arbitrary and empirical.
The objectives of this study are: 1) to construct a spatially distributed accumulation and ablation snow model based on a simple degree-day equation; 2) to develop a new method of estimation of degree-day factors using satellite images.
The snow model was developed as a submodel of the YHyM 10) for applying to ungauged or poorly gauged basins. As a test run, the model was applied to the Yellow River basin.
THE SNOW MODEL
To describe the snow processes in each grid cell of a river basin, we developed a simple snow model. In this section, the details of the model are shown as follow.
(1) Snowfall accumulation.
Measured precipitation rate P, is partitioned into rain P r , and snow P s , (both in terms of water equivalence depth) using the following rule based on air temperature T a (ºC),
(2) where T r is a threshold air temperature above which all precipitation is rain and T b is a threshold air temperature below which all precipitation is snow 5) .
(2) Snowmelt. Snowmelt is calculated with a simple degree-day method, which can be expressed as
) is a degree-day factor and T base (ºC) is a threshold parameter that represents the temperature above which melt occurs. In the model, a snowpack is treated as one layer. The meltwater outflow from a snowpack R w (mm day -1 ) during the melting season is determined as
where φ is a parameter characterizing the maximum liquid water holding capacity of snow and SWE is snow water equivalent.
During the first snowmelt phase, meltwater and rainfall are retained within the snowpack until it exceeds a certain fraction of the water equivalent of the snowpack. When temperature decreases below T base , this melt water refreezes again according to Eq.(5)
where S is the rate of refreezing (mm day -1 ) and C fr is a refreezing coefficient (usually 0.05) 11) . When the accumulated layer of snowmelt exceeds the maximum liquid water holding capacity of the snowpack, meltwater outflow occurs. It is assumed that the amount of the snowpack yield is bigger than the amount of the snowmelt during the second phase of snowmelt 12), 13) .
(4) Depletion of snow cover.
It is well known that the effective contributing area of the melt is changed from 100 to 0 percent during snowmelt period. When the areal extend of the snow cover of a cell does not equal to 100 %, the meltwater outflow from the given cell, R w ', can be calculated as R w ' = R w F s (6) where F s (decimal) is the area of the cell covered with snow which can be expressed as
where F is a relative snow-free area of the cell. We assume that the dynamics of the area covered with melting snow can be evaluated by using a binomial asymmetrical probability curve. The binomial probability curve can be described by Eq (8) ). In practice, Eq (8) can be approximated as follows:
where z n is a relative snow ablation; ∆z n is the same during an accounting period; Γ(a 0 ) is a gamma-function; a 0 = 1/C v 2 ; C v is a coefficient of variation of snow water equivalent distribution.
In order to avoid errors, in the case of drastic change of ∆z n , Eq. (9) is imposed additional restrictions:
Binomial asymmetrical probability curves of modular ratio of coefficient K (K=z n /SWE, where z n is the accumulated value of relative snow ablation and SWE is the snow water equivalent before melting) calculated on assumption C s =2C v for three different coefficients of variation:
earlier (quick) disappearance of snow cover, increasing -more later (slow) melting. The idea of use of the binomial asymmetrical probability curve to describe nonuniform distribution of snow water equivalent for different types of land cover and relief have been suggested and successfully realized in the Russian snow hydrology literature 12), 13), 14) . It has been shown in this literature, the distribution of the snow water equivalent in area extent can be described by the binomial asymmetrical probability curves on assumption that coefficient of skewness equals double coefficient of variation (C s =2C v ). Fig. 1 shows three probability curves for three different coefficients of variation. The curve corresponding to C v =0.225 is typical for fully forested area. The curve corresponding to C v =0.9 is typical for snow distribution in mountain area. The curve corresponding to C v =0.45 is normal for open unfrosted basins.
YELLOW RIVER BASIN (YRB)
The Yellow River (Fig. 2) is the second longest river in China (approximately 5,500 km). It originates from the Tibetan Plateau, passes through the northern semi-arid region, crosses the Loess Plateau, and finally discharges into the Bohai Gulf. The Yellow River experiences three typical landforms: the Qingzhang (Tibet) high plateau in the west that ranges in elevation from 2000 to more then 5000 meters; the Loess Plateau and midstream tributaries with elevations from 500 to 2000 meters; and the alluvial plain in the eastern part of the basin. The climate conditions vary from cold to temperate zones, and change from arid and semi-arid to semi-humid regions. The total drainage area of the Yellow River is around 795,000 km 2 . Snowmelt is an important source of water resources in the YRB, particularly, in the upper part of the basin 15) .
METHOD OF ESTIMATING OF DEGREE-DAY FACTORS USING SATELLITE IMAGES
We developed a degree-day factors accounting approach for different elevation zones of a basin using satellite images. The methodology includes several steps. The description of the proposed method by the example of its application to the YRB during 1982-1986 period is given below.
(1) Determination of boundary and different elevation zones based on DEM.
GTOPO30 DEM is used in this research. The Yellow River basin DEM is obtained by using the method of automatic extraction of drainage network from grid DEM suggested by Ao 16) . After examining the elevation range between the lowest and the highest point in the basin (total basin relief) based on the produced DEM of the basin, elevation zones were delineated in intervals 1000 m. The elevation range of 5236 m dictated the division of the basin into five elevation zones with the highest zone lying within the interval 4000-5236 m.
(2) Calculation of daily precipitation and air temperature at the different elevation zones of the basin
For calculation of daily mean precipitation and air temperature at the different elevation zones of the basin the data from 1982 to 1986 at 101 weather stations were used. The point daily precipitation and air temperature data were converted to gridded daily data using the Thiessen Polygon method. Moreover, the interpolated mesh daily values of air temperature were corrected by a lapse rate depending on the difference between the altitude of the mesh (DEM information) and the elevation of the weather station for the given Thiessen polygon. The temperature lapse rates were defined for four climate zones of the Yellow River basin according to Köeppen Climate Classification System (KCCS) 17) . For each climate zone, the relationship between values of air temperature and elevation for the stations situated within the climate zone was investigated and lapse rate was determined.
It is widely known that systematic errors in precipitation measurements such as evaporation, wind-induced under catchment, wetting, and sublimation losses, affect all precipitation gauges. The most significant of them is the wind-induced systematic error for solid precipitation measurements, which increases with strong winds 18) . In this study, before producing the gridded precipitation data, the daily point precipitation data were corrected by the bias-corrected method for Chinese standard gauge described by Ye et al 19) .
(3) Estimation of Snow Covered Area (SCA)
In this paper, the information of SCA acquired from satellite images is used to identify the end of the snowmelt period To estimate the SWE at each elevation zone of the basin before melting the snow accumulation model based on Eq. (1) and Eq. (2) was applied. Precipitation and air temperature calculated for each elevation zone (see Section 2) were utilized as input data of the model. During winter the snow accumulation model stores snow by summing up of solid precipitation and when the spring snowmelt period begins, the SWE is defined as the accumulated value of solid precipitation. The next step of the methodology is determination of the main date of snow accumulation and snowmelt periods. It is done by graphical analysis with using the processed data. The data of the beginning of snow accumulation (point 1 in Fig. 3 ) at an elevation zone is defined based on the mean areal air temperature of the zone. The day when zonal temperature becomes below a threshold temperature above melt occurs (T base in Eq. (3)) and the following values of air temperature for the next days not exceed this threshold temperature is considered as the day of the beginning of snow accumulation. The same temperature range is used to determine the day of the end of snow accumulation and the beginning of snowmelt. When in spring, daily temperature is above the threshold temperature and during the next days do not fall down than the threshold temperature, this day is assumed as the beginning of snowmelt (point 2 in Fig. 3) . Determination of the end of snowmelt is carried out based on Snow Covered Area data. Using 10-day values of SCA the day of the end of snowmelt is defined in the case when SCA equals to 0 % (point 3 in the Fig 3) . The daily SCA is used to determine the exact day of the end of snowmelt.
(6) Evaluation of degree-day factor for each elevation zone
After determining the dates of the beginning and end of snowmelt, it is easy to calculate the degree-day factor from Eq. (3). According to the equation, a degree-day factor can be elevated as
where M is the layer of water, formed from snowmelt (mm); ∑T is the sum of positive air temperatures for snowmelt period (°C); M f is the degree-day factor (mm · °C -1 · d -1 ). In practical situations, it is assumed that M is the snow water equivalent (SWE) accounted for snow accumulation period (interval A in Fig. 3) . The sum of positive air temperatures as an integrated index of the heat budget is calculated during snowmelt period (interval B in Fig. 3 ) which is defined by using zonal surface temperature and the SCA. For example, in Fig. 3a the zonal averaged SWE has been calculated with the snowfall accumulation model as 65.5 mm. The sum of positive temperatures estimated is equal to 476 °C during 51 days of the snowmelt period. Therefore, by substituting these values into Eq.(11) to get the degree-day factor equals 0.14 (mm · °C -1 · d -1 ). 
RESULTS
By using the developed method, the degree-day factors for five elevation zones of the YRB during snowmelt periods from 1982 to 1986 were estimated. As an example, the results for 1983/84 snowmelt periods are shown in Table 1 .
The calculated degree-day factors were used as the temporal and spatial distributed parameters of the snow model with the corrected and distributed air temperatures and precipitations in Section 2. The other snow model parameters are presented in Tab.
2.
As a test run, the developed snow model was applied to the YRB for four years from 1982 to 1986. Fig. 4 shows the simulated snow water equivalent and snow covered area over the Guide subcachment of the YRB, where, as mentioned above, snowmelt is an important source of water resources.
Since the authors could not retrieve any snow water equivalent and snowmelt data to validate model performance, we compared the simulated monthly mean areal SCA with corresponding one derived from SMMR/Nimbus-7 Global Monthly Snow Cover and Snow Depth data set (Fig. 5) . It is seen from Fig. 5 that the simulated SCA and SMMR/Nimbus-7 derived SCA produce very similar result in the study area.
CONCLUSIONS
The method of degree-day factors estimation in a basin by using satellite data is offered and applied to the Yellow River basin. The degree-day factors for the five elevation zones of the basin during snowmelt periods from 1982 to 1986 were estimated. The analyses showed that even 10-day composite AVHRR Land data is affected by cloud cover which leads to clouds being mistakenly considered as snow. However, even though some improvements are necessary it is clear that the presented method will be useful in satisfactorily estimating degree-day factors especially in ungauged and poorly gauged basins since up to now no universal method of degree-day factors definition exists.
Additionally, we proposed the distributed snow accumulation and ablation model. The model concept based on assumption that the model calculates snowpack yield instead of snowmelt and that the dynamics of the area covered by snow during melting can be described by binomial asymmetrical probability curves.
The developed snow model coupled with the proposed method of degree-day factors estimation has a good perspective for evaluation of snow water equivalent, snow covered area and snowmelt in data poor basins.
